heart catheterization was done in 14 patients. In 10 patients the diagnosis was based on clinical findings and two-dimensional echocardiography that showed a doming valve with reduced opening. Group 2 consisted of nine patients, ages 3-53 years, who had fixed subvalvular stenosis. Three of them were catheterized and two underwent operation. (One was seen both before and after operation, the other only postoperatively.) In the six remaining patients the diagnosis was confirmed by two-dimensional echocardiography showing a membrane located 1-1.5 cm below the aortic valve. Five patients, ages 16-20 years, had high-output states. Right-heart catheterization was done in three. One patient had undergone closure of a persistent ductus arteriosus 10 years previously at the age of 7 years. The others had no history of heart disease. Right-and left-heart catheterizations were done percutaneously from a femoral vein and artery; a catheter with sideholes was used in the left ventricle. Cardiac output was determined by the Fick method. Pressure was measured with an Elema Shoenander transducer (type EMT 35) and recorded on a Mingograph 81 recorder.
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The pressure drop within the left ventricle or across the aortic valve was recorded during withdrawal of the catheter from the left ventricle to the aorta, and the peak pressure drop was measured over three to five beats. Left ventricular angiography was done with the patient in the right anterior oblique position. Pressure and ultrasonic recordings were done simultaneously in four patients; in the others, the ultrasonic examination was usually done the day before catheterization. The ultrasonic examination was done with a Doppler instrument (Pedof, Vingmed A/S) that can be used in either a pulsed or a continuous mode. It is described in detail elsewhere.2' 8 The ultrasonic frequency is 2 MHz. In the pulsed mode, velocities are recorded in a cylindrical volume that is 7 mm in diameter and 7.5 mm long; with repetition rates of 9.8 and 6.7 kHz, velocities up to 1.75 where V2 is velocity, fo the transmitted ultrasonic frequency, f2 the frequency shift and c the velocity of sound in blood. The angle cannot be satisfactorily measured for blood flow within the heart and the aorta. The highest frequency shift will be recorded at an angle of zero between ultrasound beam and velocity. The audio signal can therefore be used to find the direction where the frequency shift is highest, i.e., where the angle is smallest. Disregarding this angle in the equation with angles less than 20°(cos 200 = 0.94) will underestimate velocity less than 6%, whereas with larger angles the velocity indicated by the frequency shift will be significantly underestimated. As described earlier,4 maximal velocity across an obstruction can be used to calculate the pressure drop across the obstruction from the formula P1 -P2 = 4 . V2, where V is maximal velocity in the jet.
Pressure drops calculated from maximal velocity were almost identical to simultaneous pressure recording in mitral and aortic valve stenosis,"'4provided a small angle to the jet could be obtained. With larger angles, both velocity and pressure drop will be underestimated.
When recording from the jet with CW Doppler at a Meon vet. 1.88 substantial angle, high frequencies from the jet and the lower frequencies from beside the jet will be recorded. With decreasing angle, the frequency shift from the jet velocity will become higher, but the amount of low frequencies present in the audio signal will decrease. Thus, a position may be obtained where high frequencies are heard almost exclusively in a tonelike audio signal, despite the use of CW Doppler where velocities all along the beam are recorded. In figure 1 , recording from position A, the ultrasound beam will traverse the jet at greater length and the audio signal will contain more high and fewer low frequencies than from position B or C. Lack of low frequencies in the audio signal when recording from the jet therefore indicates an optimal position. In patients with very high velocities (5.5-6 m/sec), the audio signal may then become barely audible with only the highest frequencies present. The amount of low frequencies present in the audio signal is well heard, and with spectral analysis of the Doppler signal it can be shown directly in the recording. With the present recording system the "mean" velocity recorded will be lower the more low frequencies are present in addition to the high ones. Beside the jet only low frequencies are recorded, but with high intensity.
Velocity in the ascending aorta was recorded from the suprasternal notch or the first or second right intercostal space with the transducer directed toward the aortic valve area using the continuous mode. When a harsh sound with low frequencies of high intensity was found, the transducer was moved and angled until the much higher frequency sound from velocities in the aortic jet was found. In the position where the highest frequencies could be heard, mean and maximal velocity were recorded together with the amplitude of the Doppler signal, ECG and phonocardiogram. With maximal velocities greater than 2.2-2.4 m/sec in the ascending aorta, a peak pressure drop was calculated from the maximal velocity recorded using the formula described.
The transducer was then placed at or slightly medial to the apical area to record velocities in the left ventricle. In systole, velocity is away from the transducer position L -_ >, FIGURE 1. Recording from the aortic jet with continuous wave (CW) Doppler from the optimalposition A, mainly high frequencies will be present in the audio signal. From positions B and C, the high frequencies from the jet will be a little lower and many low frequencies from beside the jet will be heard. An audio signal with high frequencies and lack oflowfrequencies indicates a small angle to the jet. Change from position A to B is reflected in the curves as a greater reduction in mean than in maximal velocity, because more of the low velocities besides the jet are recorded. 3 . 21 mis 1.19 m/s 382 CIRCULATION toward the aorta, and in diastole, velocity of mitral flow is toward the transducer and biphasic in sinus rhythm. These velocities can be recorded from low in the left ventricle and followed upward and backward to the aortic and mitral valves. The sounds of valve movements are sharp and short and are easily separated from the blood velocities on the sound and on the recorded amplitude curve. We recorded the valve movements and the velocity of blood flow and used the distance from the transducer to determine where changes occurred when abnormal velocities were found. Simultaneous M-mode echocardiography was not used for localization of the area of measurement.
From the apex, CW Doppler was used to find the position and direction where the highest velocity away from the transducer in systole could be recorded. Pulsed Doppler was then used to follow the velocity of flow from low in the left ventricle up toward the aortic valve and beyond the valve by moving the sample volume stepwise 0.5 cm at a time. High maximal velocities cannot be recorded by pulsed ultrasound; however, because systolic velocities in the left ventricle in normal subjects are usually less than 1 m/sec, increases in velocity can still be detected. If a marked increase in velocity was found, we noted whether it occurred in the left ventricle or above the aortic valve.
Using pulsed Doppler introduces ambiguity in quantitation of the frequency shift with distortions of the recorded curves if frequencies exceeding the limit for the pulsed Doppler system used are present. By using CW Doppler when velocities exceeding this limit were present, misinterpretations due to such distortions could be avoided. Figure 2 shows an example of distortion of the pulsed Doppler curve that occurs when the pulsed mode is used in the presence of high velocities. With the pulsed mode a maximal velocity (nondirectional) at the limit for the method is shown, and mean velocity shows negative velocities in midsystole. Switching to the continuous mode shows that velocity is positive throughout systole and maximal velocity is high. The "negative" velocities in the pulsed mode represent an artifact that occurs when maximal velocity exceeds the limit for the method. VEl.
2 presence of high velocities, repeated positive/negative shifts can be seen during systole. Ambiguity in range resolution may also occur using pulsed Doppler. With the pulse repetition rates used in this instrument such ambiguity was occasionally noted when recording a strong signal distant from the transducer. Aortic valve movements at 11 cm depth (pulse repetition rate 6.7 kHJ) could sometimes also be recorded at 3 cm from the transducer (pulse repetition rate 9.8 kHz). When one is aware that this phenomenon may occur, the distance between the real and the spurious echo is large enough to avoid difficulties in interpretation or localization of this signal.
Results Maximal velocity curves from the left ventricle and into the aorta in a normal child are shown in figure 3 .
During recording from the apex, at 7 cm from the transducer just below the aortic valve, the valve closure was first heard. It was better heard and recorded at 8 cm, and at 9 cm the opening movement of the valve was more prominent than the closure. A All the patients with subvalvular stenosis had the highest velocities recorded from above with CW Doppler, as in valvular stenosis. Maximal velocities were obtained from the same directions and the velocity curves were similar. However, with the pulsed Doppler recorded from the apex up toward the aortic valve, a different pattern was noted. In subvalvular stenosis a marked increase in velocity was recorded in the left ventricular outflow tract just below the aortic valve. The increase was usually noted at the level where aortic valve closure was first heard; below this level normal velocities were recorded. The sample volume had to be moved 1-2 cm higher to record aortic valve opening as well as the closure, indicating that the obstruction was located 1-2 cm below the valve. At this higher level a marked systolic fluttering of the aortic valve was easily heard. in velocity located 1-2 cm below the valve was found in all these patients and the distance corresponded to the distance from the membrane/ring to the aortic valve found at surgery or on two-dimensional echocardiograms. Figure 5 shows a Doppler recording before and In the five patients with high cardiac output, maximal velocities recorded in the left ventricle were 1.14-1.75 m/sec (mean 1.34 m/sec) and in the ascending aorta 1.87-2.42 m/sec (mean 2.04 m/sec). The cardiac outputs in three of them were 10, 13 and 17 1/min. A gradual increase in velocity up through the left ventricle was recorded in these, in contrast to the localized increase found in patients with obstructive lesions, where the increase was found over a distance of 0.5 cm or less.
Discussion

Site of Obstruction
The presence of an obstruction to flow was diagnosed when a localized and marked increase in velocity was found. The level could be determined by pulsed ultrasound. The patients with fixed outflow obstruction showed similar velocity curves in the ascending aorta, but showed an increase in velocity at a high valve level in valvular stenosis and below the valve in subvalvular stenosis.
Degree of Obstruction
In aortic valve stenosis the peak pressure drop calculated from the velocity recording was quite close to that obtained by pressure recording (table 1) . Therefore, calculation of the pressure drop from maximal velocity in aortic valve stenosis can be done using the same formula as in mitral stenosis. It also indicates that a small angle to the aortic jet was obtained in these young patients. This is in contrast to older patients with aortic valve stenosis, in whom a small angle to the jet could be obtained in only about 50%, and in some, the jet could not be recorded at all.' The main reason for these difficulties in older patients is probably more deformed and calcified valves with more variations in the direction of the jet. Larger angles to the jet in these subjects are suggested by an audio signal containing many low frequencies of high intensity in addition to the higher frequencies from the jet.
The aortic jet was easy to locate in the younger patients. Recording from the jet should be tried from several positions to obtain as small an angle as possible, and one should always bear in mind the possibility of underestimating the pressure drop by recording from a too large angle to the jet. The real pressure drop may be higher, but will never be less than that calculated from the maximal velocity recorded. Higher pressure drop by ultrasound, as well as lower, may be seen when nonsimultaneous measurements are compared, as in most patients in figure 2 . The higher the velocities in the sample volume, the longer the period with false-negative velocities will be. If this is used as an indication of the degree of obstruction, the position of the sample volume and the angle to the velocity are critical and difficult to assess when the high frequencies from the jet are not present in the audio signal. Therefore, when high velocities are present, as in most obstructions, CW Doppler must be used to assess the degree of obstruction because pulsed Doppler used alone gives less information and can be misleading if the limits of this method and ambiguity of signals are not appreciated.
